Simultaneous thermogravimetry-mass spectrometry studies of a pyrolytic decomposition of mixtures of different plastic wastes/coking coal were carried out. The investigation was performed at temperatures up to 1000ºC in a helium atmosphere under dynamic conditions at a heating rate of 25 ºC/min. Five thermoplastics, commonly found in municipal wastes: low density polyethylene (LDPE), high density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET) and a plastic mixture rich in polyolefins were selected. Thermogravimetric parameters, together with different characteristic ion fragments from selected libraries of evolving products during the co-pyrolysis process were monitored, such as hydrogen, CO2 and aliphatic and aromatic hydrocarbons. Based on the results obtained, a synergistic effect between coal and individual residues has been found. The maximum interaction occurs at temperatures close to the maximum release of volatile matter of the plastic waste. There is a delay in the decomposition of the plastics that together with the changes in the composition of the volatile matter evolved, promote interactions between the components and have negative effects on coal fluidity. The polyolefinic wastes (HDPE, LDPE and PP) degrade at temperatures close to that of maximum coal degradation, modifying the thermal behaviour of the coal to a lesser degree. However, PS and PET, that release their volatile matter mostly in the early stage of the coal decomposition, show a more pronounced 2 influence on the thermal behaviour. Moreover, the kinetic data demonstrates that the addition of polyolefins increases the energy required to initiate pyrolysis compared to PS and PET. All of these results agree with the fact that polyolefins reduce coal fluidity in a more moderate way than PET and PS.
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optimal range of fluidity for coking coals [20] . The maximum fluidity for the coal blend and its mixtures with the different wastes (in an amount of 5 wt. %) were measured using a R.B.
Automazione PL2000 Gieseler plastometer, following the ASTM D2639 standard procedure (Table 1) . Fluidity, in dial divisions per minute (ddpm), as a function of the temperature was measured on a compacted sample (5 g, <0.425 mm in size), while the sample was heated from 340 to 560 ºC at a heating rate of 3 ºC/min. These data are shown in Figure 1 .
The most common thermoplastics present in municipal wastes were selected in this study and added to the coal in an amount of 5 wt. %: high and low-density polyethylene (HDPE, LDPE), polypropylene (PP), polystyrene (PS) and polyethylene terephthalate (PET). Additionally, a plastic mixture was also used (PM). The composition of the mixed plastic waste PM rich in polyolefins is 70 wt. % HDPE, 20 wt. % PP, 5 % LDPE wt. %, 5 wt. % PET and <1 wt. % cellulose. Proximate and ultimate analyses of the plastic wastes used in this study are described in Table 1 . It is worthwhile to note the higher ash content of LDPE. LDPE used in this study comes from agricultural greenhouse films; therefore, its ash content not only comes from the mineral matter present in the plastic waste, but also from any soil contamination. LDPE, HDPE, PP and PS were supplied by REPSOL-YPF while the plastic mixture was provided by the Spanish recycling company Abornasa.
In the text, the coal blend is mostly referred to simply as coal, and coal/plastic mixture refers to the mixture of the coal blend with a plastic waste.
Thermogravimetric analysis
The powdered samples of the coal, individual plastic wastes and different coal /plastic mixtures were subjected to TGA in a simultaneous TA Instrument SDT2960 analyser. About 7 mg < 0.212 mm size of the individual plastic wastes were heated from room temperature up to 600 °C at a heating rate of 25 °C min -1 using helium as a carrier gas in order to sweep out the 5 volatile products (flow rate 100 ml/min). For the coal and coal/plastic mixtures, the final temperature of the TGA was 1000ºC. The following parameters are derived from this test; on one hand the temperature at which the maximum release of volatile matter takes place on the basis of the DTG curves (Tmax); and on the other hand the initial and final temperatures of the carbonization process (temperatures at 2 % and 98 % of conversion respectively).
Thermogravimetric-mass spectrometric analysis (TG-MS) of the coal/plastic mixtures were carried out by coupling a quadrupole mass spectrometer (Balzers, Thermostar GSD-300T) to the thermobalance. A fused silica transfer line heated at 200 ºC was used to avoid condensation.
The evolution of the temperature of the evolved gaseous products and the intensity of the selected ion fragments were monitored together with the thermogravimetric parameters at different times.
Kinetic study
The kinetic parameters, activation energy and pre-exponential factor of coal and plastic wastes pyrolysis were determined by the integral method. It is assumed that solid fuel pyrolysis is a first order reaction. This assumption has been done in previous studies with coal, biomass or plastics [21] [22] [23] [24] [25] [26] .
Therefore, the devolatilization rates to be determined follow first-order reaction based
Arrhenius theory and so the kinetics of the reaction are described as:
Where A is a pre-exponential factor (min -1 ), E is activation energy (J/mol), R is the universal gas constant (R= 8.314 Jmol -1 K -1 ), T is the thermodynamic temperature (K) and x is the pyrolysis conversion, which can be calculated as follows:
Where m0 is the initial mass of the sample, mt is the sample mass at time t during the thermal degradation and mf is the final mass at the end of the pyrolysis.
For a constant heating rate, β, during pyrolysis, β= dT/dt; Therefore, eq (1) after integration can be transformed into:
It can be demonstrated that for most values of E and for the temperature range of the pyrolysis, the expression ln (AR/βE (1-2RT/E)) in Eq (3) is constant. Therefore, if the left side of the eq (3) is plotted versus 1/T, a straight line can be obtained. The activation energy, E, can be calculated from the slope of the line, E/R. In addition, the pre-exponential factor, A, can be calculated from the y-intercept of the line. Figure 2 shows the DTG curves of the plastic wastes that were tested and Table 2 summarizes the initial and final temperatures of volatile matter (VM) released (T initial and T final respectively) and the temperature at which the maximum release of VM takes place (Tmax) on the basis of the DTG curves.
Results and discussion

Thermal behaviour of the coal and the coal-plastic mixtures
Plastic wastes differ in their thermostability; their mass loss occurs in a single step and in a narrow temperature range. Polyolefins (HDPE, LDPE and PP) have the narrowest decomposition temperature ranges (lower than 90 ºC, Table 2 ), whereas the degradation of PS and PET and the blend PM shows a wider temperature interval (> 100 ºC).
The degradation starts between 380 ºC for PS and 436 ºC for LDPE and finishes at a temperature between 483ºC for PS and 513 ºC for LDPE. Thermal degradation of plastic wastes, under the experimental conditions applied, yields a small amount of residue (less than 7 is important to note that the LDPE solid product (7.6 wt. %) is higher if it is compared with the other two polyolefins. This fact is related to its origin. This residue comes from agriculture, and as mentioned above, it contains a small amount of inorganic material that remains as solid waste after pyrolysis.
The temperature of maximum evolution of pyrolysis products (Tmax) of single plastics varies in the following order: PS<PET<PP<LDPE<HDPE ( wt. % LDPE and 5 wt. % PET). The Tmax value is located between PP (475 ºC) and PET (449 ºC) ( Table 2 ). This may be due to interactions between different polymers of the residue leading to a faster decomposition rate during the pyrolysis.
The DTG curves of the coal PA and their mixtures with the different plastic wastes are shown in Figure 3 . Coal and the plastic wastes behave differently (Figure 2 and 3) . As it is shown in Table 3 , thermal degradation of coal starts at temperatures below those of plastic wastes (286° C), and decomposes in a wider temperature range (661° C). In addition, the DTG profile of the coal shows a main peak at 505 ºC, which is also shown in blends containing the three polyolefins (HDPE, LDPE and PP) ( Figure 3 ).
Under the pyrolysis conditions applied, polyolefins have the narrowest decomposition temperature ranges with a Tmax inside the thermal degradation of the macromolecular network 8 of the coal, whereas the degradation of PS and PET takes place close to the early stages of coal decomposition (Table 2 and 3 ). An examination of the DTG profiles of the mixtures shows that blends with HDPE, LDPE and PP present a single peak at a temperature slightly lower than that of the coal PA (495-499 vs. 505 ºC). However, when PS and PET are added to coal, these mixtures present a bimodal evolution of volatiles, with the first peak being attributed to plastic decomposition and the high-temperature peak to coal devolatilization.
When comparing the profiles of the coal/plastic mixtures and the corresponding plastic, a shift in the evolution of volatiles towards a higher temperature can be clearly observed (Table 2 and 3). This suggests that some degree of physical and chemical interaction may occur during the co-pyrolysis of plastics with coal [5, 15] .
The presence of plastic wastes in the mixtures adversely affects coal thermoplasticity. Figure   1 shows that Gieseler maximum fluidity of coal decreases with the presence of plastic wastes.
The presence of PS and PET strongly reduces coal fluidity ( Figure 1 ). Interactions responsible for these alterations may be physical or chemical. Physical interactions can occur by reducing internal plasticity of the components of coal [5] , while chemical interactions include hydrogen transfer reactions, causing fluidity decrease if the additive is hydrogen acceptor [15] .
In order to study these interactions between plastic waste and coal, the weight loss during the co-pyrolysis was estimated from individual thermal behaviour of coal and the different plastic wastes. Figure In all mixtures, a significant interaction is observed between 400 and 530 ºC, while the last stage of degradation (T > 530ºC) is less affected. These results mean that the highest interaction between coal and plastic waste is produced next to the temperatures of maximum volatile 9 matter evolution of plastic residues. Temperatures corresponding to the maximum ∆W are always higher than the Tmax decomposition of the individual plastics, which also suggests a delay in the evolution of volatile matter. This is in agreement with previous results [4, 13] where after the examination of the semicokes by SEM, it was deduced that the degradation of some plastics such as, LDPE, HDPE, PP and PET present in the blend with coal was delayed, affecting the volatile matter release. The variations for the polyolefins (HPDE, LDPE and PP)
are less pronounced; however, they are clear in the case of PS, PET and PM. According to Table 2) .
PM shows the highest difference of weight loss percentage, between experimental and theoretical ones. The synergistic effect for the plastic mixture is higher than that for the single plastic wastes.
PP is the polyolefin that shows the maximum interaction during the co-pyrolysis. This can be due to the fact that PP has additional CH3 groups, which decrease the thermal stability of the plastic, affecting the breaking of C-C bonds.
The results indicate that there is a synergism between coal and plastic waste during copyrolysis. The mechanism of this synergistic effect is not very clear. It seems that when plastic decomposition via radical chain reactions occurs close to the early stages of the decomposition of the coal macromolecular network, there is greater opportunity for the small size species from coal decomposition to volatilize and then to be stabilized by hydrogen transfer or cross-linking reactions. These small species are responsible for the development and maintenance of coal fluidity. As a consequence of the stabilization of these molecules, the fluidity decreases drastically. PS and PET are good examples of strong modifiers of coal thermal behaviour [15] [16] [17] 27] . They decrease the fluidity of the coal and give rise to more disordered carbon structures in the semicokes [5, 13, 15, 28 and 29] . However, if the degradation products of the plastics are evolved close to the range of maximum evolution of volatiles from the coal, when the maximum amount of gas and tar is produced and solidification sets in, the decomposition products from plastic will be trapped in the co-pyrolysis system and, then, incorporated into the semicoke [4, 11, 14 and 15] . As observed in the TGA, this behaviour is exhibited by the polyolefins, which overlap over a wide interval of coal degradation. Table 4 shows the kinetic parameters and their correlation coefficients for the individual plastic wastes and the mixture, PM. For the plastic wastes, the pyrolysis process can be described by one first order reaction (Table 4 ) with correlation factors (R 2 ) between 0.993 and 0.999.
Kinetic parameters
However, for PA and its mixtures with the different plastic wastes, the process can be described as four consecutive first order reactions, as it is shown in Figure 5 .
The three polyolefins (HDPE, LDPE and PP) present an activation energy ranging between 303 and 322 kJ mol -1 , while the activation energy for PS and PET is lower (247 and 274 kJ mol -1 , respectively) ( Table 4 ). This is in agreement with the thermogravimetric results that show that polyolefins are more stable in thermal degradation than PS and PET due to the presence of oxygen atoms and/or aromatic structures in the composition of these last two plastics. The plastic blend PM presents the lowest activation energy, 190 kJ mol -1 , although its main component is the HDPE, which presents the highest activation energy. This lower activation energy reflects the interaction that exists between the different components of the residue. It is possible that the less stable polymer causes destabilization of the more stable polymer. Miranda et al [30] conclude that when the E of the plastics is similar, the behaviour of the plastic blend results in a decrease of the E of the more stable polymers due to a hydrogen transfer from the more stable polymer towards the radical of the less stable polymers.
11 Figure 5 shows the pyrolysis mechanisms of the coal PA (Ln (-ln (1-x)/T 2 ) vs. 1/T. This process can be divided in four consecutive first-order reactions. In this work, the kinetic parameters of the different stages were obtained individually with the conversion, x, calculated for each stage. Table 5 shows the kinetic parameters of the coal and its mixtures with the different plastic wastes.
It is difficult to describe all of the mechanisms involved in the coal pyrolysis. The highly heterogeneous nature of the coal results in multiple heterogeneous chemical reactions.
Therefore, a general description of each regime will be given. In the first stage (temperature < 210ºC), the coal releases water. After that, at temperatures between 215 and 409 °C, the preplastic stage takes place. The three-dimensional structure of carbon starts to open (pore formation) and gas starts to be released from the coal, as CO2, H2 and other low molecular weight hydrocarbons. At these low temperatures almost no weight loss occurred and the activation energy is low (56 and 59 kJ/mol) ( Table 5) and pre-exponential factor (2.1 E+14) ( Table 5 ).
After maximum fluidity attained, the viscosity increases and coal resolidifies into semicoke that with further pyrolysis, transforms into high-temperature coke. During this last stage (530-986ºC) the condensation of higher molecular weight substances to yield coke takes place in addition to the elimination of hydrogen, which is also released as gas from the coal particle.
The activation energy shows the lowest value (28 kJ/mol).
Similar results were obtained when ln (-ln (1-x)/T 2 ) was plotted vs. 1/T for the coal/plastic mixtures selected. As an example, Figure 6 shows the graphs obtained for the PA-5LDPE and PA-5PS. It seems that for the coal/plastic mixtures, the pyrolysis mechanism is dominated by the main component, the coal PA. Activation energies of the first two stages and the last one for the coal/plastic mixtures, suffer almost no variations with regard to coal activation energy (Table 5 ). This is due to the fact that during these stages the main weight loss comes from the coal. However, some differences are shown in the third stage (Table 5 ) and therefore differences in the mechanism that controls the co-pyrolysis. As it was mentioned before, during this stage the main chemical reaction that will affect the final product obtained, takes place.
The energy required to start the pyrolysis reactions of coal/polyolefin mixtures is higher than that for the blends coal/PS and coal/PET.
The activation energies for the mixtures of the coal with PS and PET are even lower than that for the coal PA (194 kJ/mol vs 170 kJ/mol-163 kJ/mol) ( Table 5) . Therefore, the presence of PS and PET in the blend promotes the pyrolysis coal reaction.
When the mixture PM is added to the coal, the activation energy (209 kJ/mol) is higher than the required energy of the individual coal (194 kJ/mol) and the individual residue PM (190 kJ/mol). This agrees with the existing synergism.
Thermogravimetric-mass spectrometric analysis (TG-MS)
The interactions between the coal and plastics are also influenced by the chemical composition of the volatile matter. By means of TG-MS analysis it is possible to study how the presence of plastic waste affects the volatile species evolved during co-pyrolysis (non-condensable, such as, H2, CO2, or light hydrocarbons). Therefore, a comparison has been made between gas products from the coking coal PA (reference sample) and the gas products released by the coal/plastic mixtures.
The ion fragment signals presented in Table 6 represent different families of compounds that were monitored during the co-pyrolysis. Table 7 shows the maximum evolution temperature for the fragments monitored, for the coal PA and for the different coal/plastic mixtures.
Due to the complexity of the evolved gas products, a semi-quantitative analysis based on the comparison of the integrated peak areas of the species monitored was carried out. The temperature of maximum evolution of hydrogen, m/z 2, occurs in a narrow temperature range between 782 and 789 ºC (Table 7) , regardless the plastic residue added. Hydrogen release is due to the aromatic condensation, polymerization reactions and the decomposition of heterocyclic compounds that occur in the post-plastic and consolidation stages, from 500-1000 ºC [31] .
Paraffinic and olefinic fragments evolve in the temperature range between 498 to 553 ºC ( Table   7 ). The temperature of maximum evolution of the paraffinic and olefinic fragments differs depending on the plastic waste added to the blend. For the alkyl fragments, in general this temperature slightly decreases as the number of carbon atoms present in the hydrocarbon increases. In most of the blends containing plastics, the maximum temperature of hydrocarbons occurs at lower temperatures than that for the coal PA (Table 7) .
There are not significant variations in the maximum temperature of evolution of aromatic fragments followed by the ions m/z 77, 78 and 91, with the exception of the mixture with PS.
In this sample the release of the aromatic fragments takes place at lower temperatures than those of the coal (468-471 ºC vs 508-518 ºC) ( Table 7) .
When the composition of the light pyrolysis products from the coal and its mixtures with plastics are compared, some relevant features are shown. These results are derived from the normalised areas of the corresponding peaks to that of hydrogen. The addition of plastics to the coal (i) promotes an increase of the amount of hydrogen with respect to that of methane, which indicates greater aromatic condensation and intra-and intermolecular rearrangements; (ii) promotes a higher amount of aliphatic compounds from C2 to C4 in the form of both alkanes and alkenes; (iii) and also promotes a higher ratio of paraffin/olefin, with the exception of the PA5PS mixture ( Figure 8 ).
As a consequence of the polymer structure, blends made up of PS and PET behave in a different way to polyolefins. Mixtures with PS and PET (polymers containing aromatic rings in their structure) increase the proportion of aromatic fragments, especially in the case of PS. This is because their main degradation products are styrene and ethylbenzene [32] .While the addition of polyolefins promotes an increase of aliphatic compounds .This is confirmed by the relationships between the fragments from saturated hydrocarbons (43, 57) and those from aromatic structures (77, 78, 91) ( Figure 9 ).
Therefore, the addition of polyolefin wastes favours the formation of saturated hydrocarbons and unsaturated short chain (number of C atoms ≤ 5) that become part of the gas or tar. A higher content of C1-C4 hydrocarbons in the gas increases its calorific value [33] .
As expected, the addition of oxygen-containing polymers such as PET increases the CO2 content in the gas (Figure 10 ) that is released at low temperatures of approximately 465 and 15 PS also produces CO2 despite not having oxygen in its composition. This polymer negatively affects the development of coal fluidity [10, 14 and 29] causing crosslinking reactions between oxygen function in the early stages of the pyrolysis process.
Conclusions
The thermal degradation of additives added to the coal varies according to its nature, structure and composition, as reflected in the temperature of maximum evolution of volatile matter and on the decomposition temperature ranges.
It seems that there is a synergistic effect between coal and individual residues. In general, the co-pyrolysis process seems to be faster, occurring in a narrower temperature range. The maximum interaction between the coal and plastics occurs close to the temperature at which maximum release of plastic volatile matter takes place. Additionally, a delay in the evolution of volatile species from the plastics is observed when they are blended with the coal.
The shift of the evolution of volatiles from plastics toward higher temperatures, and therefore the greater overlap between coal and residues, may explain the fluidity reduction caused by the addition of plastic wastes. Polyolefins degrade at temperatures close to the degradation of the three-dimensional structure of coal, modifying to a lesser degree the thermal behaviour of the coal. However, PS and PET degradation occurs at the early stage of coal decomposition, having a more pronounced effect. Moreover, the kinetic data demonstrates that the activation energies for the polyolefins pyrolysis are higher than those for PS and PET. These results are coherent with previous results that show polyolefins reduce coal fluidity in a more moderate way than PS and PET [13] [14] .
On the other hand, the relative proportion and the temperature of emission of light gases such as hydrogen, methane, aliphatic hydrocarbons with up to four carbon atoms (including paraffin and olefin pairs), aromatic hydrocarbons and carbon dioxide is consistent with the functional groups of the plastic added to the coal. The thermal events during co-pyrolysis and the chemical families of compounds in the gas are in agreement with the modification of the coal fluidity, the degree of ordering of the carbon structure of the semicokes and the evolution of gas pressure during the coking process. 
